INTRODUCTION
The ability to ensure the integrity and reliability of adhesive joints is essential to increased use oflightweight materials in the automotive industry [1] . For manufacturing applications, on-line inspection techniques must be fast, accurate with limited access to parts, robust in manufacturing environments and available at reasonable cost. The work presented here is part of a project in which nondestructive techniques are being evaluated to access their cbility to detect and characterize flaws in adhesive joints in metals and composite materials, The long-term goal of the project is development of a prototype on-line inspection system for automobile structural members,
ACOUSTIC METHODS
Acoustic methods used to detect and characterize defects in adhesive joints can be roughly classified according to the frequency of the waves used, As indicated in Figure 1 , detection resolution increases with frequency while spatial resolution generally improves with the number of measurements made on the sample, High-frequency techniques provide good spatial resolution of defects, but usually require time-intensive scanning of the joint. In contrast, methods employing resonance of the structure require limited measurements of the frequency response function (e,g" resonance spectroscopy), but are not capable of locating defects without some form of back-analysis of the measurements (e,g" resonance inversion [2] ). Development of techniques based on selective probing of the structure are a promising alternative if some level of defect characterization can be achieved within assembly-line time constraints, Such methods would fall into the range indicated by the cross-hatched box in Figure 1 , In the following sections, the results of conventional resonance tests are presented, This work is focused on determining detection limits and resolvable flaw size, Preliminary results are also presented for two scanning methods: one based on nonlinear vibrometry, and the other based on the dynamic compliance of the structure, The specimens used for the experiments are adhesively-bonded lap-joints in steel and aluminum plates fabricated inhouse and by the Ford Motor Company. The metal samples (see Figure 2 ) are approxi-mately 12 inches long (305 mm) by 6.5 inches (165 mm) wide. The lap-joints run the full length of the samples and are approximately 1.0 inch wide (25.4 rum). The joints are bonded with epoxy having a Young's Modulus of 69.8 GPa. Samples with continuous bond lines are compared to those with air gaps and slip-paper in the adhesive layer.
Conventional Resonance Tests
One approach to on-line inspection is development of techniques that provide data for a quick go/no-go decision. Once a damaged structure has been pulled off the assemblyline, subsequent testing can employ higher resolution scanning methods that are capable of locating and imaging the defects. For the initial go/no-go decision, resonance methods are 
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Pulse-echo particularly attractive because the spectral response of the entire structure can be probed with a limited number of sources and receivers. The results of global resonance tests performed on steel plates fabricated by Ford are shown in Figure 2 . The plates were clamped in a vise and excited by a piezoelectric crystal. An accelerometer was used as the receiver. The plot compares the result obtained for a steel plate with a continuous bond line to those obtained for a steel plate with a four-inch air gap in the adhesive layer and a steel plate with slip-paper in the adhesive layer over a three-inch segment at the center of the joint. The resonance frequencies for the plates with an air gap and slip-paper in the joint are shifted downward with respect to the plate with the continuous bond reflecting the decrease in stiffness that results from the imperfections in the adhesive layers of the joints. Techniques that utilize a fixed receiver and moving source may offer acceptable resolution without time-intensive scanning. Results obtained using an impact hammer as the source, and an accelerometer as the receiver, are shown in Figure 3 for the same steel plates described in the previous paragraph. For the sample with slip-paper in the joint, the signal obtained for hammer hits on the well-bonded area of the joint are not much different from the signals obtained for the sample with the completely bonded joint. For hammer hits at the center of the joint, the signals obtained for the sample with slip-paper are substantially different from those obtained for the intact joint in both amplitude and frequency content. Results discussed in the next section indicate that this difference is due to the nonlinear response of the defective joint [4] . Figure 3 . Results of resonance tests using an impact hammer. For hammer hits at the center of the joints, the signal obtained for the sample with slip-paper in the adhesive layer differs from that for the sample with the continuously bonded joint in both amplitude and frequency content.
Nonlinear Vibrometry
For resonating samples containing joints with an air gap in the adhesive layer, the vibration of the plate becomes nonlinear if the upper and lower joint surfaces surrounding the gap come into contact during vibration. Distortion of the harmonic vibration of the plate at the induced resonance frequency generates higher order harmonics and sub-harmonics in the structure [3, 4] . A quantitative measure of the nonlinear vibration is given by the total harmonic distortion (THD) defined as:
where S m is the spectral amplitude of the m Ch harmonic and S, is the spectral amplitude of the primary mode. distance trom top along jOint (inches) Figure 4 . A mechanical shaker was used to resonate two steel samples, one with a continuously bonded joint, and the other with a four-inch gap in the center of the adhesive layer. The plots show the total harmonic distortion measured along the joints. Figure 4 shows the THD measured along the joints in two steel plates: one with a continuously bonded joint and one with an air gap in the adhesive layer. For these tests, the plates were clamped into a vise and brought into resonance using a mechanical shaker (see Figure 4) . The plates were driven at resonance frequencies corresponding to the same vibration mode (351.25 Hz for the continuously bonded joint and 346.25 Hz for the joint with the gap in the adhesive layer). The resulting surface vibrations were measured along the joints using a laser Doppler vibrometer. As can be seen in Figure 4 , there is a sharp peak in THD over the segment of the joint with the gap in the adhesive layer. This method is especially effective for detection of thin crack-like defects whose surfaces are brought into contact during vibration. Since these preliminary results indicate that the generated higher order harmonic vibrations tend to localize around the gap, scanning the joints and looking for anomalous measurements ofTHD has promise as a method of imaging defects in the adhesive layer.
Dynamic Compliance Mapping
Amplitude spectra across a broad band of frequencies were measured and averaged to estimate the dynamic compliance of aluminum plates with gaps in the adhesive layer. The air gaps in the joints have lower acoustic impedance than the bonded sections, resulting in greater vibration at the gaps, and, possibly, localized resonance caused by trapping of highfrequency vibrational energy. To make the measurements, the plates were clamped into a vise and excited by a piezoelectric (PZT) crystal with a central frequency of 1 MHz (see Figure 5) . The source signals were 0 to 100 kHz swept sine waves. Surface displacements along the joint were measured remotely with a laser Doppler vibrometer. Measurements were made for plates with a three-inch (76.2 mm) gap in the adhesive at the center of the joint, a three-inch (76.2 mm) gap in the adhesive at the edge of the joint, and for two 1.5 inch (38.1 mm) gaps separated by a thin 0.5 inch (12.7 mm) bond of adhesive. At each measurement point, amplitude spectra were computed and averaged for twenty measurements. Transfer functions were computed by normalizing the spectra by the spectrum of the signal from the PZT crystal. These transfer functions were used to construct the spectral images of the joints shown in Figure 5 . The large spectral amplitudes (shown in lighter color) correspond to the air-gaps in the adhesive layers and are clearly visible in the images for most frequencies. The same results are displayed quantitatively in plots of average spectral amplitude versus distance along the joint. For each measurement point, the plots show the average amplitude calculated across all measured frequencies. For all plates tested, the plots clearly show the location of the gaps in the adhesive layer. For manufacturing applications, these results are encouraging because they demonstrate that defects in the joint can be imaged using a fixed far-field source and a moving non-contact receiver.
INFRARED THERMOGRAPHY
Infrared (IR) imaging radiometers, which measure thermal radiation energy, can be used to detect and characterize defects in bonds and voids in materials. The method requires that a heat flow be established through the specimen by heating one side and cooling the opposite side of the area of interest. Defects and voids that consist of enclosed air or vacuum bubbles have a much higher thermal resistance than the surrounding material. Any change in thermal resistance in the direction of the heat flux results in a change in the temperature gradient. A suitable IR camera can detect temperature differences ofless than O.l°C and visualize voids and defects for surface emittances greater than 0.7. Measured surface temperatures can be used to image voids and defects even at depth (see Figure 7) . The resolvable flaw size depends on the thickness and thermal conductivity of the material.
Lap-Joint Samples
To evaluate the same aluminum plates described in the previous section, four electrical heaters were mounted on a 1.0 inch (25.4 mm) wide by 0.122 inch (3.1 mm) thick copper strip. The resistors are wired in series and have a total resistance of200 ohms. The heating strip was mounted on the aluminum plates with spring loaded clamps to ensure good thermal contact. The camera used for these experiments is a long wave (8-12 !lm) scanning infrared (IR) imaging radiometer. It has a minimum resolvable temperature difference ofless than O.l°C and an instantaneous field of view of2 milliradians. The analog image of the camera is digitized, postprocessed and stored on a PC [5] .
Infrared measurements require a high surface emittance orO.7 or higher. Aluminum has a surface emittance that is less than 0.7 so the joint was covered with a thin, 12.7 mm wide paper masking tape with an emittance of 0.9. The heat input was regulated to approximately 50 Watts. A paper masking tape strip was also applied to the plate parallel to the heater to check the side-to-side uniformity of the heat input. The entire specimen was exposed to ambient temperature room air. Natural convection and radiation were used for cooling. The absolute temperatures of the room air and specimen were not of concern for these experiments because temperature differences were the parameter of interest --the magnitude of the temperature difference is directly proportional to the magnitude of the heat flux.
Thermograms of the joints in the lap-joint samples clearly show the location of gaps in the adhesive layer. Plots of dimensionless temperature versus distance along the joint are shown in Figure 6 for two plates: one with a 3.0 inch (76.2 mm) gap in the adhesive layer at the center of the joint, and one with two 1.5 inch (38.1 mm) gaps separated by a thin 0.5 inch (12.7 mm) bond. The dimensionless temperature was calculated by dividing the measured temperature by the overall average temperature across the joint. The vertical lines indicate the bonded and unbonded areas of the joint. The temperature plots clearly indicate the increased thermal resistance of the air gaps in the joints. Note also that the thin bond of adhesive between the two air gaps (plot on right) is also clearly visible. The temperature gradients between the bonded areas and the voids is caused by the high thermal conductance of the aluminum plate.
.. , ... Dim~ alonsloint (nun) Dim...,., alons JOint ( .run) Figure 6 . Plots of dimensionless temperature versus distance along the joint for aluminum plates with a gap in the center of the adhesive layer (left) and for two smaller gaps separated by a thin bond of adhesive.
Corrugated Composite Panels
Experiments were also performed to determine the feasibility of using IR thermography to evaluate adhesively-bonded composite panels. The specimen studied is composed of two corrugated composite panels bonded together by patches of adhesive. Each panel is approximately 4-5 mm thick. Thermal imaging of defects in the adhesive layer is much more difficult in this case because of the thickness of the composite panels. The composite assembly was tested in a thermography chamber so that controlled steady-state conditions could be imposed. A cold chamber on one side of the sample (-17.7°C), and a warm chamber on the other side (21 .1 0c), were used to create a heat flux across the sample. Surface temperatures were measured as described in the previous section. In spite of the thickness of the composite panels, the thermal image displayed in Figure 7 clearly shows the adhesive bonds (dark areas) and the air gaps (light areas).
CONCLUSIONS
Initial studies indicate that acoustic and thermal techniques both show promise for detecting defects in adhesive joints in manufacturing applications. While acoustic methods that require scanning of the joint offer high-resolution detection of flaws, they may require more time or access to the joints than is practical for on-line inspection. Global techniques, such as resonance spectroscopy, are well-suited to manufacturing applications provided that adequate resolution can be achieved. Development of techniques based on selective probing of structures and intelligent computational methods is a promising alternative. For those methods that prove feasible, the remaining research challenge is to develop, test, and refine the techniques so that they are suitable for large-scale manufacturing applications. This requires sensor development, integrated real-time diagnostic tools that operate at sufficient speed for assembly-line use, determination of resolution limits and the best diagnostic parameters for specific applications, and demonstration of robustness and accuracy under realistic operating conditions. Infrared thermography has the advantages of being a fast, full-field imaging technique applicable to a wide range of materials. For manufacturing applications, adequate accessibility to parts may be a problem, along with the requirements that parts be clean and have a high surface emittance. Paint can be used to achieve the necessary emittance with the caution that it must be of sufficient and uniform thickness. Heat input is also an issue, particularly for complicated three-dimensional structures. Dynamic methods, such as thermal flashes, are attractive because they are non-contact and a heat flux is established in a few milliseconds. The imaging process is completed in a few seconds, but sophisticated cameras and high-speed processing are required [6] . Steady state methods, including direct contact heating and environmental chamber testing, are attractive because data processing is easier and a less expensive camera is adequate. The drawback is that establishing a constant heat flux in the sample may take several minutes for direct contact heating and several hours for environmental chamber testing. The viability of thermography for manufacturing applications can be improved by development of three-dimensional heat flow models to characterize thermal response, fast data processing algorithms and image enhancement software.
